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I. INTRODUCTION

During the past few years the Ballistic Research Laborator, (BRL)
has conducted a series of tests to investigate the use of a more aero-
dynamically efficient, non-con4 czl boattail on spin stabilized
projectiles. The new boatta', decreases the drag, pitching moment, and
Magnus moments acting on the full projectile1 ' 2 and improves the
projectile flight characteristics by a significant amount. This boat-
tail uses twisted "flat" surfaces to taper the cylindrical projectile
body to a triangular base. The "flat" surfaces produce additional
aerodynamic lift on the rear of the projectile which in turn decreases
the pitching moment. The lower pitching moment increases the gyroscopic
stability of a projectile hating the same physical characteristics as a
conical boattailed projectile, or the lower pitching moment can be
traded for increased projectile length. This boattail also creates
lower Magnus or yawing moments which in turn produces improved d:.-namic
stability. During the wind tunnel, aeroballistic range, and full range
tests, many or the aerodynamic characteristics of a ISSmm projectile
using the new boattail have been determined. This report presents
these characteristics and shows how these characteristics improve the
flight performance of the projectile.

I Lk Other advantages of the non-conical boattail which are obvious,
but have not yet been fully investigated are:

1. Increased wheel bearing is available due to portions of
the boattail being at or close to full bore diameter. This will
decrease inbore balloting and reduce the first maximum yaw of the
projectile.

2. These boattails also provide a good mechanism for impart-
ing full spin as well as forward velocity to a projectile through a
discarding sabot design.

II. THE PROJECTILE CONFIGURATION

To explore the use of the non-conical boattail on large caliber
projectiles, the BRL chose the following design criteria.

1. Anders S. Platou, 'An Improved P1rojectile Boattail," BRL Memorandum
SReport No. 2395, July 1974, U.S. Army Ballistic Research Laboratory,

Aberdeen Proving Ground, Maryland. AD 785520. Also, ADPA 1st
International Symposium on Ballistics, 13-15 November 1974, Orlando,
Florida.

2. Anders S. Platou and George I. T. Nielsen, "An Improved Projectile
Boattail. Part II," BRL Report No. 1866, March 1976, U.S. Army
Ballistic Research Labovatory, Aberdeen Proving Ground, Mary and.AD A024073.
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Using known large caliber, low drag projectiles with a conical
boattail as references, design two similar shaped projectiles using the
new boattail. The projectiles should be longer than the reference
projectiles, for added payload potential, but must have adequate gyro-
scopic stability for good flight characteristics. The projectile will
have the same weight and center of gravity location from the projectile
nose as the reference projectiles.

The BRL selected as reference projectiles, the ISSmn S.7 caliber
long M549 3 (Figure 1) and the l55mm 6.1 caliber long SRC projectile
(Figure 2) now being manufactured by the Space Research Corporation.
The new projectile configurations with the non-conical boattails
lengthen the reference projectiles by one-half caliber. The copper
rotating band of the NS49 configuration is moved forward by .85 caliber
to accommodate the 2.036 caliber long non-conical boattail (Figur'e 3).
On the SRC configuration the copper rotating band is replaced with a
plastic discarding rotating band. So far, 46 of the ISS1• M549
projectiles with the new boattail, henceforth called the nou-conical
projectile "A" (NCB-A) have been flown over full ranges. Flights of
the SRC projectile with a non-conical boattail (Figure 4), henceforth
called non-conical boattail projectile "B" (NCB-B) are in progress.
This paper presents only the information obtained on the NCB-A and
compares it with the M549.

Initially, 20mm solid aluminum models of the non-conical boattail
configurations were built for aerodynamic data flights in the BRL Aero-
dynamics Range. The small model diameter decreased the Reynolds number
nroportionately, but permitted an early look and comparison with the
conical boattail configuration4 . These results proved the aerodynamic
advantage of the new boattail and encouraged us to continue the program.
10Smm and 155mm models of the NCB-A configuration have been designed
and built for range and free flight firings (Figure 5). Spinning wind
tunnel models have been designed and built to obtain pitch and Magnus
data at transonic and supersonic speeds.

The 1Omm and ISSmm projectile physical characteristics are given
in Table 1. The projectiles were designed to have the same center of
gravity location from the nose (3.5 calibers) and for each size to have
approximately the same weight. Since the 105mm projectiles were to be

3. R. Kline, W. R. Herrmann, and V. Oskay, "A Determination of the
Aerodynamic Coefficients of the 165m, M549 Projectile," Techrical
Report No. 4764, November 1974, Picatinny Arsenal, Dover, New
Jersey. AD B0020?3L.

4. Andere S. Platou, "An Improved Projectile Boattail. Part III," BRL
Memorandum Report No. 2644, July 1976, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, Maryland. AD B012?81L.
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flown only in the BRI. Transonic Range for aerodynamic data, their
moments of inartia were tailored to give each projectile a minimium gyro-
scopic stability of approximately I.S*. Since the ISSun projectiles
were to be flown to full ranges to obtain their flight characteristics
under various flight conditions, their moments of inertia were tailoted
to give each projectile a minimum gyroscopic stability between 1.1 to
1.2 at Nicolet (P u 1.320 kg/m 3) and 1.35 at Tonopah (p a .997 kg/m 3).
Projectiles flown in the BRL Transonic Range had the same physical
characteristics as those flown at Tonopah so their minimum gyroscopic
stability was 1.1. Seventeen of the l05um NCB-A projectiles and eleven
of the ISSmm NCB-A projectiles were flown in the BRL Transonic Range
for aerodynamic data 5 (Tables 2, 3, 4, and S), charge assessment, and
metal parts integrity. Six of the NCB-A projectiles were launched at
Nicolet, Canada 6 on 10 February 1977 to assess launch and flight
behavior at minimum gyroscopic stability (M - .98, P - 1.320 kg/mr).
Four of the projectiles were intentionally launched at high angles of
attack (up to 11°) to determine their ability to recovrr from poor
launch conditions. Twenty 1S5mm NCB-A projectiles have been launched
at critical Mach numbers (M - . 98) and at supersonic velocitiest at
Tonopah Test Range, Nevada, on 5-6 April 1977 to assess launch and
flight behavior over the full range7 . Nine of the 1Snmm NCB-A
projectiles were launched at Tonopah Test Range on 18 October 177

* Although 15Smm projectiles can be flown in the Transonic Range, the
pitching and Magnus moment are determined more accurately by using
the 105mm projectiles.

+ Supersonic launches were limited to V - 625 to 660 M/sec (M t 1.8)
due to the loss in chamber volume caused by the boattail intruding

into the propellant chamber. The standard 549 projectile is launched
from the same gun up to M = 2.25.

5. Anders S. Platou, "An Improued Projcctile Boattail. Part IV," ARBRL-
MR-02826, April 1978, U.S. Army Ballistic Research Laboratory,
Aberdeen Proving Ground, Maryland. AD B02?520L.

6. John H. W'hteslde, "Transonic Tests of the 155mr. Non-Conical Boat-
tai1 Projectile A and 8-Inch XM65dE4 and EBVP Projectiles at
Nicolet, Canada, During January-February 1977," ARBRL-MR-02809,

January 1978, U.S. Army Ballistic Research Laboratory, Aberdeen
Provinj Ground, Maryland. AD B02?29?L.

?. Vural Oskay and Anders S. Platou, "Yawsonde Tests of 155,mn M549 Non-
Conical Boattall Projectile at Tonopah Test Range," ARBRL-MR-02905,
March 1979, U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, Maryland.



along with five ISSun M549 projectiles all at supersonic velocities8.
All of the projectiles launched at Nicolet and Tonopah were instrumented
with yawsonde instruments to record the projectile angular motion during
each flight 9 . Radar data were also recorded so that complete velocity
and trajectory information are available on each flight.

Two sizes of wind tunnel models were built of this configuration.
A 2A-inch diameter model for supersonic tests (M - 1.75 and 2.25) at
the Naval Surface Weapons Center (NSWC) and an 8-inch diameter model for
transonic tests at Naval Ship Research and Development Center (NSRDC)
(M - .8S to .98). The 8-inch diameter model permitted close to full
scale Reynolds number testing at transonic Mach numbers (Figure 6) and
the 2k-inch diameter permitted shock reflection free testing at M 1.75
and 2.25, but at low Reynolds number.

III. THE AERODYNAMIC CHARACTERISTICS

The new projectile configuration differs from conventional
projectiles in four respects:

1. The three twisted "flat" surfaces used to form the boat-
tail, taper the main projectile cylinder to a smaller base area such
that the cross-sectional area distribution along the boattail is
completely changed (Figure 7).

2. The three twisted "flat" surfaces also provide aerodynamic
lifting surfaces on the rear of the projectile, which reduces the
pitching moment and increases the gyroscopic stability.

3. The boattail p'rtion of the new projectile is not axisym-
metric which leads to reduced yawing forces and moments which are help-
ful in maintaining good flight stabilities. The asymmetry also alters
the rolling moments of the projectile such that during flight the
projectile spin (Pd/V) does not increase as much as for a conical boat-
tailed projectile.

8. Anders S. PZatou, "Yaweonde Flights of 155m Non-Conical BoattaHl
Projectile Configurations at Tonopah Test Ranae--October 197?,"
ARBHL-MR-O.881, 7iov'ember 1978, U.S. Army Ballistic Rsearceh
Labratory, Aberdeen Proving Ground, Maryland. AD A.0650@.

9. Wtilliam H. Memagen and Wallace H. Clay, "The Design of a Second

Generation Yawsonde," BRL Memorandum Report No. 2368, April 1074,
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
Mar yland. AD 780064.
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4. The new boattFils also provide additional wheel bearing
for the projectile while it is in-bore. This should provide less muzzle
jump and lower first maximum yaws. The boattail also provides a good
mechanism for imparting full spin as -well s forward velocity to a
projectile through a discarding sabot.

To show the improved aerodynamic characteristics and flight
behavior the data obtained on the non-conical boattail projectile A are
summarized and compared with the standard M549 projectile in this paper.

A. Drag

The drag characteristics o0 this configuration are obtained from
the 20mm, 105m, and 155mm flights in the BRL Aeroballistic Ranges and
the 155mm full range yawsonde instrumented flights at Tonopah. These
results are presented in Figure 8. The drag of this configuration is
lower than that of the conical boattailed M549 configuration over the
entire Mach number range. The lower drag is due at least in part to
the smaller base area of the new boattail.

C has been estimated from the BRL Aeroballistic Range flights

as 3 for subsonic and transonic velocities and 4 for supersonic veloci-
ties. These values are approximate, but appear to be considerably
lower that the values for the M549 3 (CD f 7 to 9).

D62

B. Pitching Moment

The pitching moment characteristics have been obtained from the
20mm, 105mm, and 155mm projectile flights in the BRL ranges, the wind
tunnel results at NSRDC and NSWC, and the yawsonde flights at Nicolet
and Toncoah. The results are summarized in Figure 9 for low angles of
attack. There is good agreement of data at all Mach numbers from all
sources; and it is seen that the maximum pitching moment (CM = 5.0)

occurs at M = .97 to .98. This compares with C 5.5 at M = .94

max
for the standard M549 projectile. It is also seen that the new config-
uration has a lower pitching moment over the entire Mach number range

of interest. It should be noted here that the pitching moment of the
NCB-A is lower than that of the M549 in spite of the one-half caliber
additional length of the NCB-A. If the MS49 were one-half caliber
longer, its' maximum CM would be 5.5 to 6.0.

Data at higher angles of attack obtained from the wind tunnels and
ranges (Figures 10 to 15) show tne pitching moments on the new
projectile are linear up to So. As with the M549, at higher angles of

13



a tack the pitching moment slope decreases (Figures 10 to 15) so that
g:.eater gyroscopic stability is obtained.

During the wind tunnel tests of the NCB-A projectile, at transonic
velocities configurations of both the straight and twisted (l/2u) tri-
angular boattail, with and without a rotating band were tested. The
data (Figures 10 to 15) apply to all of these configurations when the
projectile is spinning near the twist rate of the boattail. Ihen the
spin is far from the boattail twist, there is evidence at transonic
speeds (Figures 16, 17, 18, and 19) that the normal force and pitching
moment change with angles of attack. These data show the normal force
increases and the pitching moment decreases as the spin (Pd/V) differs
greatly from the boattail twist. This is probably due to partial flow
separation from portions of the boattail flats when the spin differs
greatly from the boattail twist. The data at supersonic speeds (M i
1.76 and 2.27) show the normal force and pitching moment do not change
with spin at least up to angles of attack of 100.

C. Pitch Damping Moment

The pitch damping moments on the new projectile have been obtained
from the BRL Aeroballistic Range flights, using a linearized force-
moment system. The data are presented in Figure 20 and indicate that
the new projectile has the same pitch damping characteristics (within
the accuracy of the data) as the M549. CM + CM. is -15 to -20 for

q a
supersonic speeds and decreases to 0 to -10 at transonic speeds.

D. Rolling Moments

Unlike conventional artillery projectiles, the new projectile has
a rolling moment (C• Z) due to the boattail twist (6b = pd/2V) which

maintains roll rate on the projectile during flight. Therefore,
measurements of roll damping (C ) and C£ are needed to predict the

P 6b

projectile spin. Some flight values for these coefficients have been
obtained, but additional data are required. The data (Table 6) have
been obtained from reduction of the yawsonde data from several of the
155mm full range flights. The reader is cautioned that these coef-
ficients must be used together"0 . Use of a roll damping coefficient,
CZ .without the boattail-twist rolling moment, C£ , will result in an

P _b_

erroneous spin prediction.

10. Charles H. Murphy, "Free Flight Motion of Symetric Missiles," BRL
Report No. 1216, July 1963, U.S. Army Ballistic Research Labora-
tory, Aberdeen Proving Ground, Maryland. AD 44275?.
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E. Yawing Force and Moment

Even though it is not possible to theoretically predict the yawing

forces and moments on the new projectile, it is possible by using
existing Magnus force and moment theories to visualize the mechanisms
producing these forces and moments. On the new projectile configuration
the side force and moment are a combination of two forces.

At all Mach numbers, the Magnus force developed on the front, axi-
symmetric portion of the new projectile is that described in reference
2. This force is in general linear with spin as shown in Figure 21 and
acts in the negative direction when the projectile is at a positive
angle of attack. On the boattail, however, a side force is created by
the asymmetry of the boattail. The force is non-zero at zero spin and
will be approximately zero when the projectile is spinning at the boat-
tail twist. The combined side forces acting on the projectile are
illustrated in Figure 22. From Figure 21, assuming the forces and
moments are linear with spin, the force and moment existing on the
projectile at any spin at a given angle of attack can be expressed by:

Cy =Cy + CG pd/V
o p

C =C + C pd/V
Ln no np0 p

where Cy and Cn are the zero spin offsets at each angle of attack and
o n

CN and Cn are the Magnus force and moment spin slopes at each angle
p p

of attack.

The coefficients Cy , Cn , CN , and Cn have been determined from
o o p p

wind tunnel tests (Figures 23 and 24) at two supersonic speeds, but at
low Reynolds numbers. There is a considerable difference in the offset
values (Cy and C ) between M = 1.76 and 2.27 which is not readily

Y n
0 0

explainable. The offsets are, most likely, Reynolds number sensitive
and may change considerably at real flight conditions. The author

suspects the offset values at M = 1.76 may be more like tho:se observed
at M = 2.27 at the higher free flight Reynolds numbers. To partially
overcome this difference, the values of C and C at M = 1.76 have been

computed at pd/V = 314 using both sets of offset values. This isshown in Figure 25 (.314 is the twist value of the gun and the boattail
used in these tests). The difference in the yawing moment is signifi-

cant for it controls to a large extent the limit cycle amplitude seen
in the angular notion of the projectile.

15 s

Li ~ ' ?". .-



Even though the Reynolds number of the transonic wind tunnel tests
on the NCB-A is correct, the tunnel turbulence and the instrumentation
were such that C and C could not be well determined. However, the

0 0
indication from these transonic tests is that C y and Cn are much

0 0
smaller than at supersonic speeds. If this is true the combined side
force and moment will be less dependent on spin at transonic velocities
than at supersonic velocities.

A comparison of wind tunnel results with the BRL Aeroballistic
Range results shown in Figure 26 indicates that all of the measurements
are of the same magnitude. Because of the nonmirror symmetries and the
nonlinearities which exist in the yawing moment, comparisons between
range and wind tunnel results must be made at the same spin and angle
of attack levels.

Yawing moments have also been computed from the full range
projectile angular motion obtained through the yawsonde instrumentation.
These computations have been carried out using the procedure described
in reference 11. These computations again indicate yawing moment non-
linearities with angle of attack. For the angle of attack and spin
range of interest the nonlinearity can be expressed as:

C C a = C a3n, n n 3

Using the values of CM + CM obtained from the BRL Aeroballistic
q

R-inges (Figure 20) and values of Cn estimated from the wind tunnel

n 3 n
a

results, values of Cn were computed from the yawsonde data (Table 7).

F. Damping of the Epicyclic Arms

In order that the projectile angular motion remain small, or in
ballistic terms remains stable, it is necessary that each arm damping
rate (AF and XS) be zero or negative or if one rate is positive its

values at higher angles of attack must become negative. In the latter
case, the projectile angular motion has a limit cycle and the
projectile will fly at a small angle of attack during part or all of
its flight.

11. Robert H.. Whyte, Ray C. Houghton, and Wayne H. Hathaway, "Descrip-
tion of Yawaonde Numerical Integration Data Reduction Computer
Programs," BRL Contract Report No. 280, December 1975, U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland.
AD BOIOO4OL.
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Even though the M~agnus moment and pitch damping moment coefficients
are not well known for the NCB-A, it is possible to roughly determine
the damping rates (A., and XS) of the epicyclic arms. Using equations

obtained from reference 10, the projectile physical quantities in Table
1, and the drag, normal force, and pitching moment data obtained during
these experiments, the values of X Fand AScan be calculated for various

values of M~agnus and pitch damping moment. The results are shown in
Figures 27 and 28. From these figures, it can be seen that for stable
projectile motion, a projectile needs as much negative pitch damping
mnoment as possible, and the Magnus moment must be within limits which
includes zero. Too positive a Magnus moment provides nutational
instability while too negative a Magnus moment leads to large angle
precessional limit angles.

At transonic speeds M = .85 to 1.0, the free flight data (Figures
29 a, b, and c) show the NCB-A has a 40 to 70 precessional limit cycle.
Since the pitch damping moment coefficient is 0 to -10, the Magnus
moment must be such as to produce the approximate damping rates shownJ
in the inclosed cross-hatched area (Figure 27). This agrees with the
Magnus moment coefficients found in The Aerodynamic Characteristics
section, Yawing Force and Moment. The increase in angular motion near
the end of this flight (Figure 29b) is due to the low spin at the end
of the flight.

At supersonic speeds the free flight data (Figures 30 a, b, and c)
show the NCB-A has a 00 to 20 precessional limit cycle. Since the
pitch damping moment coefficient is -15 to -20, the Magnus moment must
be such as to produce the approximate damping rates shown in the
inclosed cross-hatched area (Figure 28). Again, this agrees with the
Magnus moment coefficient found in The Aerodynamic Characteristics
section, Yawing Force and Moment.

Figure 29 results are typical of the transonic flights made at
Tonopah, while Figure 30 results are typical of the supersonic flights
made at Tonopah. The main difference in the other flights are the
launch angle of attack and the size of the fast (nutational) arm at the
beginning of the flight. In all cases the fast arm damped quickly to
zero, leaving only the slow (precessional) arm motion. The results
of all of the flights are given in references 7 and 8.

IV. FIRST MAXIMUM YAW DISPERSION

KThe six NCB-A projectiles flowni at Nicolet and ten of the
projectiles flown at Tonopah were launched at or Just above the criticalI
Mach number (M = .97 to ,99) so that minimum gyroscopic stability
occurs at or soon after launch. Under this condition the possibility
of a projectile yawing motion increasing (unstable motion) is the
greatest, especially if the first maximum yaw is large (a SO). On
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all of these 16 transonic flights the first maximum yaw varied from 1*
to 100 and the yawsonde records show that within a few seconds of flight
the projectile assumed a limit cycle motion whose amplitude (50) is
controlled by the projectile's aerodynamic characteristics. Therefore,
this projectile has the ability to recover from poor launch conditio.s.

The remaining nineteen projectiles were flown at Tonopah at suýNr-
sonic launch velocities (V as 650 m/sec). The first maximum yaw 'f
these nineteen projectiles varied from 1.8* to 8.80 due mainly to :a
.030" undercut of the principle boattail diameter. Again, as with tV
projectiles launched at transonic velocities, the projectile angula-
motion for all flights quickly damped to low angles and remained i.
during the entire flight.

V. IMPACT DISPERSION

In order to obtain meaningful impact dispersion data on a large
caliber projectile, it is necessary that the firings be conducted under
rigid, controlled conditions. Some of these conditions are:

(1) The projectiles should be fired in muzzle velocity groups

of 5 to 10, each projectile being launched with the same amount of
propellant.

(2) All of the projectiles in each group should be fired in a
short time interval (3 minutes or less between rounds) so that meteoro-
logical conditions will be constant for all of the flights in that group
over the whole trajoctory.

(3) All of the projectiles in each velocity group will be
fired at the same nwzzle velocity within close tolerances and the
muzzle velocity for each round will be accurately measured to within
one-third meter pe?: second.

(4) The imract coordinates of each projectile are measured
and corrected to .,)ns-ant muzzle velocity. This is accomplished by
calculating tiha d,.'-1ence of range on muzzle velocity using a point
mass trajecto.'y ca4lilation. For the NCB-A projectile the rrizzle
velocity-range .)rr-,;.tion is 35 meters per meter/second.

Ddr:ý'r, the iirii:g of the NCB-A projectile at Tonopah these
conditionts were vit completely met in that the time between launches
hae to be extentý.t to 10 to 15 minutes. This delay was mainly due to
preprrat)_hn (und J'±tialization of the yawsonde for each flight. Also,
in a number of tiý. 'Irings, the muzzle velocity variations were con-
siderably arge.e th:.r- the values considered necessary for reliable
disperso• ita.
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The only firings of the NCB-A projectile, which can be considered
to be valid for dispersion data, are the ten transonic launches at
Tonopah in April 1977 and seven of the nine supersonic launches at
Tonopah in October 1977. (Two of these launches are unacceptable due
to inaccurate muzzle velocity measurements.) The muzzle velocities,
ranges and dispersion data, are given in Table 8. These dispersions
are an indication that the NCB-A projectile has acceptable dispersion*.
However, these values must be corroborated with additional firings made
un=er more closely controlled conditions.

VI. CONCLUSIONS

1. The NCB-A projectile has lower drag than the M549. It is
possible that the M549 conical boattail could be lengthened to give the
same base area, but the increased pitching and Magnus moments would
create stability problems.

2. The NCB-A projectile has an improved pitching moment (CM )

over the M549 projectile, which gives the NCB-A higher gyroscopic
stability. In this case, the improved CM due to the non-conical

boattail has been usL,. to lengthen the NCB-A projectile and potentially
increase the payload capability.

3. The NCB-A projectile has smaller Magnus or yawing moments
(CM ) than the M549 at all velocities, especially at transonic

velocities. This, in turn, improves the projectile flight stability.

4. The small yawing moment creates epicyclic damping rates (XF

and XS) on the NCB-A which causes it to fly with a small precessional

limit cycle up to 7° during most of the flights. This causes no impair-
ment to the projectile trajectories.

S. The dispersion data o',tained from the full range flights
indicate that the NCB-A will have acceptable dispersion levels. How-
ever, more closely controlled dispersion firings must be carried out
before good dispersion values are available.

I

* Acceptable dispersion for large caliber projectiles is below .3%.

19


